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Density functional theory (DFT)-based molecular dynamics (DFTMD) simulations in combination
with a Fourier transform of dipole moment autocorrelation function are performed to investigate
the adsorption dynamics and the reaction mechanisms of self-coupling reactions of both acetylide
(H3C–C(β)≡C(α) (ads)) and ethyl (H3C(β)–C(α)H2(ads)) with I(ads) coadsorbed on the Ag(111) sur-
face at various temperatures. In addition, the calculated infrared spectra of H3C–C(β)≡C(α)(ads)
and I coadsorbed on the Ag(111) surface indicate that the active peaks of –C(β)≡C(α)– stretch-
ing are gradually merged into one peak as a result of the dominant motion of the stand-up –
C–C(β)≡C(α)– axis as the temperature increases from 200 K to 400 K. However, the calculated
infrared spectra of H3C(β)–C(α)H2(ads) and I coadsorbed on the Ag(111) surface indicate that all
the active peaks are not altered as the temperature increases from 100 K to 150 K because
only one orientation of H3C(β)–C(α)H2(ads) adsorbed on the Ag(111) surface has been observed.
These calculated IR spectra are in a good agreement with experimental reflection absorption in-
frared spectroscopy results. Furthermore, the dynamics behaviors of H3C–C(β)≡C(α)(ads) and I coad-
sorbed on the Ag(111) surface point out the less diffusive ability of H3C–C(β)≡C(α)(ads) due to
the increasing s-character of Cα leading to the stronger Ag–Cα bond in comparison with that of
H3C(β)–C(α)H2(ads) and I coadsorbed on the same surface. Finally, these DFTMD simulation re-
sults allow us to predict the energetically more favourable reaction pathways for self-coupling
of both H3C–C(β)≡C(α)(ads) and H3C(β)–C(α)H2(ads) adsorbed on the Ag(111) surface to form 2,4-
hexadiyne (H3C–C≡C–C≡C–CH3(g)) and butane (CH3–CH2–CH2–CH3(g)), respectively. The cal-
culated reaction energy barriers for both H3C–C≡C–C≡C–CH3(g) (1.34 eV) and CH3–CH2–CH2–
CH3(g) (0.60 eV) are further employed with the Redhead analysis to estimate the desorption
temperatures approximately at 510 K and 230 K, respectively, which are in a good agreement
with the experimental low-coverage temperature programmed reaction spectroscopy measurements.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4861036]
I. INTRODUCTION
The study of carbon-carbon bond formation at metal
surfaces is of great importance for understanding the na-
ture of the chemical reactions involved in heterogeneous
catalytic processes. Specifically, the self-coupling of alkyls
(CnH2n+1),1–3 carbenes (CnH2n),4, 5 and carbynes (CnH2n−1)6, 7
to form the long-chain hydrocarbons through the famous
Fischer-Tropsch8 (FT) synthesis has been established on a
number of transition metal surfaces. The detailed adsorbed
structures, their orientations, and their corresponding reac-
tion mechanisms were usually explored by reflection ab-
sorption infrared spectroscopy (RAIRS), electron energy loss
spectroscopy (EELS), surface enhanced Raman spectroscopy
(SERS), and temperature programmed reaction spectroscopy
(TPRS).9, 10 Over the past few decades, several research works
have been devoted to the study of self-coupling reaction of
hydrocarbons adsorbed on the Ag(111) surface. For exam-
ple, Chiang’s research group illustrated the self-coupling re-
action for acetylide (H3C–C(β)≡C(α)(ads)) adsorbed on the
a)Author to whom correspondence should be addressed. Electronic mail:
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Ag(111) surface by using TPRS and RAIRS.11 Their exper-
imental results suggested that H3C–C(β)≡C(α)(ads) adsorbed
on the Ag(111) surface will self-couple to form H3C–C≡C–
C≡C–CH3(g) approximately at 500 K. In addition, Zhou and
White also employed the same strategy to investigate the
reaction temperature for self-coupling reaction of adsorbed
ethyl (H3C(β)–C(α)H2(ads)) and vinyl (H2C(β)=C(α)H(ads)) on
the Ag(111) surface, which were found approximately at
200 K and 250 K,12, 13 respectively. These results suggest
that the reaction rates of the Cα–Cα (tail-to-tail dimeriza-
tion) self-coupling are in the order of Csp3–Csp3 > Csp2–Csp2
 Csp–Csp. To rationalize the nature of the metal-substrate
interaction involved in self-coupling reactions as mentioned
above, Weaver and co-workers investigated both ethylene
(H2C=CH2(ads)) and ethylidyne (H3C≡C(ads)) adsorbed on
platinum-group and coinage-metal (Cu, Ag, Au) by using
EELS and SERS14 and realized that the increasing of the
binding energy of M-Cα is correlated with the increasing s-
character of the hybridization state of Cα . Their experimen-
tal results proposed that the reverse order for the M-Cα bond
strength M-Csp > M-Csp2  M-Csp3 is due to the back do-
nation of the occupied d-bands of the metal surface to the Cα
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anti-bonding orbitals (σ ∗ and π∗).15, 16 Finally, these experi-
mental results lead to the conclusion that the strongest bond
of M-Cα may render the slowest rate of Cα–Cα self-coupling
reactions.
To provide more insight into the reaction mechanisms
of Cα–Cα self-coupling of different hydrocarbons adsorbed
on metal surface, White employed temperature-dependent
RAIRS in combination with TPRS to investigate the re-
action mechanisms of both ethyl (H3C(β)–C(α)H2(ads)) and
2,2,2-Trifluoroethyl (CF3CH2(ads)) adsorbed on the Ag(111)
surface.17 Their temperature-dependent RAIRS results pro-
posed the possible geometries of adsorbed structures, in-
cluding their orientations of both H3C(β)–C(α)H2(ads) and
CF3CH2(ads) adsorbed on the Ag(111) surface at various tem-
peratures. Moreover, their TPRS results elucidated that the
stronger molecule-surface interaction might block the migra-
tory self-coupling reaction of CF3CH2(ads) adsorbed on the
Ag(111) surface leading to the lower coupling reaction rate.
Another factor to affect the long-chain growth is the hydro-
genation reaction of hydrocarbons. The hydrogenation reac-
tion of unsaturated hydrocarbons is usually a first possible
step during the FT synthesis. Both experimental and the-
oretical groups devote themselves to try to thoroughly un-
derstand the whole reaction mechanisms for the long-chain
growth in FT synthesis. Huand Liu et al. provide a series
of the state of art DFT calculations to investigate the com-
plete microscopic picture of elementary steps for C1 and C2
related hydrocarbon species on several metal surfaces in FT
synthesis.18–20 Their calculated results show that the direct
self-coupling reactions have a much lower reaction barrier
than the hydrogenation reactions on Ru surfaces. However,
the competition between self-coupling reaction and hydro-
genation reaction of hydrocarbons has also been carried out
in Chiang’s TPR/D experiments. They found that the hy-
drogenation of H3C–C(β)≡C(α)(ads) adsorbed on the Ag(111)
surface is at 470 K, which is at the same temperature as
the direct self-coupling reaction. Besides, the most product
yield of m/z (C6H6+) species is validated to be 2,4-hexiadine
(H3C–C≡C–C≡C–CH3(g)). Therefore, the hydrogenation re-
action of H3C–C(β)≡C(α)(ads) can be neglected and we only
focus on the issue of the self-coupling of hydrocarbon to
study the effect of different hybridization state of Cα atom
for direct C–C self-coupling reaction. Additionally, the in-
termediate geometries along the self-coupling reactions are
difficult to measure and the electronic properties for metal-
carbon bond still remain unclear followed by their experi-
mental results. Hence, it is necessary to employ the density
functional theory-based molecular dynamics (DFTMD) sim-
ulations in order to investigate the influence of temperature on
the dynamic behaviors of different hydrocarbons adsorbed on
metal surfaces. In particular, the simulated vibrational spec-
troscopy has been widely used to probe their intermediate
structures and their adsorption dynamics of molecules ab-
sorbed on the metal surfaces, and much more progress has
been reported regarding the elementary steps of chemical re-
actions on metal surface, including CO oxidative reaction,21
oxygen adsorption,22 water adsorption,23–25 and hydrogen ad-
sorption on metal surfaces26 based on first principle molecular
dynamic simulations. Followed by these pioneer’s works, our
research group also carried out the DFTMD simulations in
combination with a Fourier transform of dipole moment au-
tocorrelation (FT-DMAF) to investigate the effect of temper-
ature on vibrational modes of H3C–C(β)≡C(α)(ads) and I coad-
sorbed on the Ag(111) surface27 and pointed out that the in-
creased flipping from the titled motion of –C–C(β)≡C(α)– axis
to the stand-up motion of –C–C(β)≡C(α)– axis followed by
its diffusion resulting from the increasing temperature from
200 K to 400 K seems to be the initial event to initiate the
alkyne self-coupling reaction. Indeed, our simulated results of
H3C–C(β)≡C(α)(ads) adsorbed on the Ag(111) surface clearly
provide insight into the understanding of adsorption behav-
iors. But the detailed reaction mechanism of Cα–Cα self-
coupling and their corresponding nature of metal-carbon in-
teraction still remain unanswered.
Therefore, in this paper, we will first calculate adsorp-
tion geometries and electronic structures of ethyl (H3C(β)–
C(α)H2(ads)) and acetylide (H3C–C(β)≡C(α)(ads)) with iodine
(I(ads)) coadsorbed on Ag(111) surface in order to realize their
bonding nature of Ag–Cα interaction. Then we will employ
DFTMD simulations to investigate the effect of temperature
on the adsorption dynamics of both ethyl (H3C(β)–C(α)H2(ads))
and acetylide (H3C–C(β)≡C(α)(ads)) with I(ads) coadsorbed on
the Ag(111) surface. As a byproduct, based on a FT-DMAF,
the simulated temperature-dependent IR spectra can help
identify the structures of both H3C(β)–C(α)H2(ads) and H3C–
C(β)≡C(α)(ads) adsorbed on the Ag(111) surface. Finally, the
collected trajectories of both H3C(β)–C(α)H2(ads) and H3C–
C(β)≡C(α)(ads) during DFTMD simulations at various tempera-
tures allow us to predict the thermally most favorable reaction
pathways for self-coupling reaction of H3C(β)–C(α)H2(ads) and
H3C–C(β)≡C(α)(ads) adsorbed on the Ag(111) surface to form
2,4-hexadiyne (H3C–C≡C–C≡C–CH3(g)) and butane (CH3–
CH2–CH2–CH3(g)), respectively.
II. COMPUTATIONAL METHODS
The calculations of possible structural models of H3C(β)–
C(α)H2(ads) and H3C–C(β)≡C(α)(ads) with I(ads) coadsorbed
on the Ag(111) surface are performed using SIESTA,28
a DFT-based code with Troullier-Martins norm-conserving
pseudopotentials.29 The spin-polarized version of the gener-
alized gradient approximation (GGA) according to Perdew-
Burke-Ernzerhof (PBE)30 is used for the exchange-correlation
function. A split valence double-ζ atomic orbital plus a polar-
ization orbital are chosen as basis sets for all of the atoms.
The localization radii of basis functions are determined from
an energy cutoff of 0.01 Ry. The Kohn-sham orbitals are ex-
panded in a localized basis set (double-ζ ) with the mesh cut-
off of 150 Ry. Both energy cutoff and mesh cutoff parameters
are chosen after convergence tests, which were described in
our previous works.27 The Ag(111) surface is represented by
a Ag(111)-4×4 surface model and is constructed by a peri-
odically repeated three-layer slab of Ag atoms, in which the
bottom 2 layers are fixed and the topmost layer is relaxed
with a vacuum region of ∼16 Å.31 For the Brillouin-zone
integration, a (3 × 3 × 1) grid determined by Monkhorst-
Pack special points is used.32 In addition, the basis set su-
perposition error (BSSE) has been considered in all of the
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calculated adsorption energies of both H3C(β)–C(α)H2(ads) and
H3C–C(β)≡C(α)(ads) with I(ads) coadsorbed on the Ag(111)
surface using the counterpoise correction. In order to obtain
the partial density of states (PDOS), the total density of states
(TDOS) of the whole system is first generated and then the
TDOS is decomposed into the contribution of partial frag-
ments, that is, the adsorbed molecule and the surface layer
atoms of those selected bands to give rise to the PDOS. In this
study, the Cα of the adsorbed molecules and their neighbor-
ing Ag surface atoms are considered as the constituent atoms
to generate the PDOS. The energy width for broadening the
eigenvalues is 0.2 eV.
To investigate the adsorption dynamics of both H3C(β)–
C(α)H2(ads) and H3C–C(β)≡C(α)(ads) with I(ads) coadsorbed on
the Ag(111) surface at various temperatures, the molecular
dynamics simulations based on DFTMD33 are performed us-
ing the same program, SIESTA. To reduce the computational
cost the Ag(111) surface is represented by a Ag(111)-3×3
surface model and is constructed by a periodically repeated
slab of Ag atoms with three layers, in which the topmost layer
is allowed to relax. The vacuum region is set to be ∼16 Å. All
of the simulations are performed in the NVT ensemble using
Nose-Hoover thermostats.34, 35 The first part of DFTMD sim-
ulation is to reach an equilibration phase with a time step of
0.5 fs for at least 1.0 ps. Then, the second part of the simula-
tion, which lasts for 8.0 ps, is followed by collecting data over
the temperature-controlled dynamic trajectory to generate the
time-dependent autocorrelation of the physical properties of
interest.
Taking the surface dipole selection rule into account,
the IR spectrum is generated from the time-dependent dipole
moment (μ(t)DM) relative to any arbitrary dipole moment
(μ(0)DM) of any adsorbed systems based on the temperature-
controlled dynamic trajectory of the DFTMD simulation
mentioned above. To achieve this goal, the dipole moment
autocorrelation function (DMAF), that is, Cz(t)DMAF, is con-
structed as follows:
Cz(t)DMAF = 〈μz(0)DMμz(t)DM〉.
One point worth mentioning is the way that the dipole mo-
ments of both H3C(β)–C(α)H2(ads) and H3C–C(β)≡C(α)(ads) with
I(ads) coadsorbed on the Ag(111) surface are calculated ; Fol-
lowed by the same reason mentioned in our previous paper.27
The “full DFT Grid charge method” is introduced as follows:
μz(t)DM =
N∑
i
qi(t)−→rzi (t),
where qi (t) are calculated DFT grid charges at each time step
and N is the total number of grids. Due to the surface selec-
tion rule, only the z component (perpendicular to the surface)
of position vector of grid i at each time step (
→
rzi (t)) was used
to calculate the dipole moment, which includes both the metal
surface and the adsorbates. The IR spectrum, namely, Cz(ω),
is then calculated by a Fourier transform of Cz(t)DMAF as
follows:
Cz(ω)FT−DMAF = 2πβω
2
3cV
∞
∫
−∞
Cz(t)DMAFdteiωt ,
where β is equal to 1/kBT, in which kB is Boltzman’s con-
stant and T is the temperature. In addition, ω is the frequency,
ν is the volume, and c is the speed of the light.36, 37 In order
to enhance the signal-to-noise ratio of adsorption systems, a
sufficient simulation time for sampling is required. As men-
tioned earlier the total simulation time of 8 ps is employed for
all DFTMD simulations. As a result, a nearly 4 cm−1 spectral
resolution is achieved based on a discrete Fourier transform
of calculated DMAF followed by smoothing the peaks with
Lorentzian functions.
To investigate how the effect of temperature on the
dynamic motions of vibrational modes of both H3C(β)–
C(α)H2(ads) and H3C–C(β)≡C(α)(ads) adsorbed on the Ag(111)
surface, the temperature-difference spectrum38 is applied in
this work. Followed the DFTMD simulation results, the IR
spectrum associated with the two different temperatures is
also calculated. Then the temperature-difference spectrum is
generated as the following equation:
Czdifference(ω) = Cz(ω)FT−DMAT−T1 − Cz(ω)FT−DMAT−T2.
Finally, following the adsorption dynamics of both H3C(β)–
C(α)H2(ads) and H3C–C(β)≡C(α)(ads) adsorbed on the Ag(111)
surface at various temperatures, it is possible to predict the
most thermally favorable reaction pathways for self-coupling
reaction. The transition states are searched using partial struc-
tural constraint path minimization (PSCPM) method39, 40 in
order to calculate their corresponding activation energies. A
minima structure (no imaginary frequency) and a transition
state (one and only one imaginary normal mode frequency)
are verified. The calculated activation energies for the cor-
responding elementary reactions are corrected by the zero-
point vibrational energies (ZPE). In addition, Polanyi-Wigner
equation41, 42 and Redhead Approximation43 are employed in
order to obtain the reaction temperature for self-coupling re-
action. The process of desorption, based on this approxima-
tion, can be described by the Polanyi-Wigner equation, which
is derived from Arrhenius-type behavior as the following:
rdes = −dN
dt
= vNxexp
(
−	E
RT
)
.
Here, N is the surface concentration (coverage), t is the re-
action time, x is the reaction order, v is the frequency factor,
	E is the activation energy of the desorption process, and T
is the reaction temperature. In TPRS experiment, the number
of desorbing molecules (I) is proportional to the rate of des-
orption. In addition, the process of desorption is accompanied
with a heating rate β . Then, the time t is substituted into the
Polanyi-Wigner equation by dt = (1/β)dT:
I(T) ∝ rdes = −dN
dT
= vN
x
β
exp
(
−	E
RT
)
.
The Polanyi-Wigner equation is solved to find the temperature
(Tmax) at which the desorption rate is a maximum leading to
the following equation:
	E
RT 2max
= vxN
x−1
β
exp
(
− 	E
RTmax
)
.
For a second-order self-coupling reaction, the Tmax depends
on the surface coverage N. The Polanyi-Wigner equation can
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TABLE I. Calculated adsorption energies (Eads) and corresponding structural parameters of both H3C–
C(β)≡C(α)(ads) and H3C(β)–C(α)H2(ads) with I(ads) bonded to the threefold hollow site on the Ag(111) surface.
Model Site Eads (eV) hAg⊥Cα (Å) dCαCβ\ (Å)
H3CC≡C(ads) and I(ads)
co-adsorbed on Ag(111) Cα-position Cα≡Cβ
Top −5.54 1.925 1.250
Bridge −6.08 1.612 1.249
FccH −6.20 1.613 1.249
HcpH(standup) −6.47 1.482 1.251
HcpH(tilted) −6.53 1.411 1.264
CH3CH2(ads) and I(ads)
co-adsorbed on Ag(111) Cα-position Cα–Cβ
Top −3.55 2.152 1.521
Bridge −3.28 2.098 1.534
FccH −3.39 2.089 1.535
HcpH −3.25 2.085 1.534
be rewritten by x = 2 as the following:
	E
RTmax
= ln
(
2vNT
β
)
− ln
(
	E
RTmax
)
.
According to Redhead’s approximation, the second part in
brackets is quite small relative to the first part and is estimated
as ln(	E/RTmax) = 3.64. The error introduced through this es-
timate is less than 1.5% for 108 < v / β < 1013 K−1. Hence,
the activation energies for self-coupling reaction can be con-
verted into the reaction temperature. The choice of appropri-
ate energy barrier for representing the reaction temperature
along the reaction pathway will be discussed in the Results
and Discussion section.
III. RESULTS AND DISCUSSION
A. Structural and electronic properties of both
H3C(β)C(α)H2I(ads) and H3C–C(β)≡C(α)–I(ads) adsorbed on
the Ag(111) after C–I bond scission
Due to the very weak C–I bond, the C–I cleavage within
both H3C(β)C(α)H2I(ads) and H3C–C(β)≡C(α)–I(ads) adsorbed
on the Ag(111) surface occur at 110-K and 150-K, respec-
tively, which were found by White’s and Chiang’s experi-
mental works. Recently, our research group systematically in-
vestigated the reaction mechanism of the C–I cleavage within
H3C–C(β)≡C(α)–I(ads) adsorbed on the Ag(111) surface by us-
ing DFT calculations. Following the adsorption behavior of
H3C–C(β)≡C(α)(ads) and I(ads) coadsorbed on the Ag(111) sur-
face after the rupture of C–I bond, I(ads) is found to be ener-
getically more favorable to locate on the threefold hollow site.
In addition, two most stable adsorption structures out of five
possible adsorption structural models of H3C–C(β)≡C(α)(ads)
and I(ads) coadsorbed on the Ag(111) surface are determined.
The adsorption energies and structural parameters are summa-
rized in Table I and their corresponding optimized structures
are shown in Figure 1. First, the adsorbed H3C–C(β)≡C(α)(ads)
is located on hcpH site and the –Cβ≡Cα– axis is aligned
horizontal to the Ag surface with the adsorption energy of
−6.53 eV, namely, the H3C–C(β)≡C(α)(ads)(hcp-tilted)(ads).
Second, the adsorbed H3C–C(β)≡C(α)(ads) is located on the
hcpH site and the −Cβ≡Cα– axis is aligned perpendicular
to the Ag surface with slightly higher adsorption energy of
−6.47 eV, namely, the H3C–C(β)≡C(α)(ads) (hcp-standup). Fi-
nally, it is found that the adsorbed H3C–C(β)≡C(α)(ads) on the
bridge site and the top site are ∼0.45 eV and ∼1.01 eV, re-
spectively, higher than that on the hollow sites. These results
indicate that the adsorbed H3C–C(β)≡C(α)(ads) is more likely to
locate on the hcpH site rather than to diffuse on the Ag(111)
surface.
However, the possible adsorption sites of
H3C(β)C(α)H2I(ads) on the Ag(111) surface after the rup-
ture of the C–I bond still remain unclear. Therefore, several
possible adsorption sites of H3C(β)–C(α)H2(ads) and I(ads)
coadsorbed on the Ag(111) surface are investigated as shown
in Figure 2 based on the assumption that the I(ads) will remain
on the three-fold hollow site. The corresponding adsorption
energies and structure parameters are also summarized in
Table I. According to the calculated results, the adsorbed
FIG. 1. Some possible optimized structures of H3C–C(β)≡C(α)(ads) and I
coadsorbed on the Ag(111) surface.
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FIG. 2. Some possible optimized structures of H3C(β)–C(α)H2(ads) and I
coadsorbed on the Ag(111) surface.
H3C(β)–C(α)H2(ads) is found to prefer the top site with the ad-
sorption energy of −3.55 eV, namely, the H3C(β)–C(α)H2(ads)
(top). In addition, the adsorption energy of H3C(β)–C(α)H2(ads)
on the top site was found to be only ∼0.10 eV lower than
the hollow site and ∼0.20 eV lower than the bridge site. As
a result, the structural parameters of both Cα–Ag(surface) and
Cβ–Cα within H3C(β)–C(α)H2(ads) adsorbed on the Ag(111)
surface are almost the same at different adsorption sites.
In other words, the adsorbed H3C(β)–C(α)H2(ads) can easily
diffuse on the Ag(111) surface because of their similar
adsorption energies and adsorption geometries. One thing
worth mentioning is that the average adsorption energies
of all energetically favorable adsorption sites of H3C–
C(β)≡C(α)(ads) were found to be ∼2.75 eV lower than that
of the adsorbed H3C(β)–C(α)H2(ads) on the same surface and
their corresponding average Cα–Ag(surface) bond distance of
H3C–C(β)≡C(α)(ads) was ∼0.741 Å much shorter than that
of Cα–Ag(surface) within H3C(β)–C(α)H2(ads) adsorbed on the
same surface. In the next paragraph, the interfacial electronic
properties of both H3C(β)–C(α)H2(ads) and H3C–C(β)≡C(α)(ads)
adsorbed on the Ag(111) surface will be investigated in order
to rationalize their different adsorption behaviors between
H3C–C(β)≡C(α)(ads) and H3C(β)–C(α)H2(ads) adsorbed on the
Ag(111) surface.
To analyze the interfacial electronic properties between
H3C–C(β)≡C(α)(ads)/ H3C(β)–C(α)H2(ads) and the Ag(111) sur-
face, the PDOS projected onto the Cα atom and their neigh-
boring Ag surface atoms for both H3C–C(β)≡C(α)(ads) and
H3C(β)–C(α)H2(ads) adsorbed on the Ag(111) surface are cal-
culated. In addition, the PDOS for both H3C–C(β)≡C(α) and
H3C(β)–C(α)H2 without the effect of Ag(111) surface are
also calculated to investigate the interfacial electronic prop-
erties upon adsorption. Only two most stable sites are taken
into account. The calculated PDOSs are shown in Figures 3
and 4. As shown in the top panels of Figure 3, there are only
FIG. 3. DOS projected onto the Cα atom (blue line) and Ag d states (green
line). From left to right: the PDOS of I(hcpH) and H3C–C(β) ≡C(α)(ads)
(hcpH-tilted) coadsorbed on the Ag(111) surface, and I(hcpH) and H3C–
C(β)≡C(α)(ads) (hcpH-stand up) coadsorbed on the Ag(111) surface. For each
system, the top panel shows the PDOS of the isolated subsystems, while the
bottom panel refers to the H3C–C(β) ≡C(α)(ads) after adsorption.
four molecular levels of isolated H3C–C(β)≡C(α)(ads), which
are identified as σ (−12 eV), π (−1.0 eV), π∗ (6.0 eV), and
σ* (11.0 eV) due to their sp hybridization on the Cα atom. The
filled d-band of Ag surface can be assigned below the Fermi
level in the region from −7.5 eV to −2.5 eV. After adsorption,
all the energy peaks of both the Cα state of H3C–C(β)≡C(α)(ads)
and the filled d-band of Ag surface for two adsorption sys-
tems are significantly shifted downward in energy as shown
in the bottom panels of Figure 3. The filled d-band of Ag sur-
face is broadened due to two new formed states, which are
located at −9.0 eV and −8.0 eV, arising from the overlap
of Cα σ state and Ag surface. In addition, the band centered
at −5.0 eV and 4.0 eV are identified the π and π∗ molec-
ular states and these states spread out significantly to much
lower energy levels. Furthermore, the contribution of the π∗
orbital near the Fermi level is ascribed to the back-donation
of the filled d-band of Ag surface into the empty π∗ orbital
of the adsorbed H3C–C(β)≡C(α)(ads) leading to an increased
FIG. 4. DOS projected onto the Cα atom (blue line) and Ag d states (green
line). From left to right: the PDOS of I(hcpH) and H3C(β)–C(α)H2(ads)(top)
coadsorbed on the Ag(111) surface, and I(hcpH) and H3C(β)–C(α)H2(ads)
(hcpH) coadsorbed on the Ag(111) surface. For each system, the top panel
shows the PDOS of the isolated subsystems, while the bottom panel refers to
the H3C(β)–C(α)H2(ads) after adsorption.
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Ag–C bond strength upon adsorption. On the other hand, the
calculated PDOS for two most stable adsorption models of
H3C(β)–C(α)H2(ads) on the Ag(111) surface, that is, H3C(β)–
C(α)H2(ads)(top) and H3C(β)–C(α)H2(ads)(hcpH), are shown in
Figure 4. In the top panels of Figure 4, the Cβ–Cα σ states
and H–Cα σ states can be assigned at −9.0 eV and the re-
gion from the −6.0 eV to −3.0 eV. Those projected σ bond-
ing states are only slightly shifted downwards in energy upon
adsorption and the less overlap between the filled d-band of
Ag surface and Cα state of H3C(β)–C(α)H2(ads) indicates that
the Ag–Cα interaction is weak as shown in the bottom pan-
els of Figure 4. In addition, the comparison of the PDOS of
H3C(β)–C(α)H2(ads) on the top site with that on the hcp hollow
site indicates that the H3C(β)–C(α)H2(ads) may easily diffuse
on the Ag surface because of the similar electronic properties
and their weak Ag–Cα interaction. Although these static cal-
culated results can provide us the preliminary understanding
for the molecule-substrate interaction upon adsorption, the
temperature-dependent adsorption dynamic of both H3C(β)–
C(α)H2(ads) and H3C–C(β)≡C(α)(ads) with I(ads) coadsorbed on
the Ag(111) surface still remains unclear. In “IR spectrum of
H3C–C(β)≡C(α) (ads) and I(ads) coadsorbed on the Ag(111) sur-
face at 200 K and 400 K” section, the temperature-dependent
infrared (IR) spectrum of these adsorption systems will be
calculated based on the DFTMD simulations in combination
with a Fourier transform of dipole moment autocorrelation
(FT-DMAF). As a byproduct their adsorption dynamics at
various temperatures will also be investigated to propose the
possible reaction pathways for their self-coupling reactions
on the Ag(111) surface.
B. IR spectrum of H3C–C(β)≡C(α) (ads) and I(ads)
coadsorbed on the Ag(111) surface at 200 K and 400 K
As mentioned previously, the rupture of C–I bond within
H3C–C(β)≡C(α)I(ads) adsorbed on the Ag(111) surface was oc-
curred at 150 K and both H3C–C(β)≡C(α)(ads) and I(ads) will
be coadsorbed on the Ag(111) surface under the tempera-
ture of 500 K based on Chiang’s experimental works. Only
the thermally most stable configuration of H3C–C(β)≡C(α)(ads)
and I(ads) coadsorbed on the Ag(111) surface is considered
to calculate the IR spectra at 200 K and 400 K using a full
DFT Grid charge method for investigating their temperature-
dependent dynamic behaviors upon adsorption as shown in
Figure 5(a). All of our calculated IR active peaks and experi-
mental RAIRS results are summarized in Table II. The calcu-
lated results point out that the IR active peaks of –C(β)≡C(α)–
stretching are gradually merged into one peak as the temper-
ature increases from 200 K to 400 K based on their dynamic
trajectories of the angle between the –C–C(β)≡C(α)– axis and
the Ag(111) surface normal, namely, Ang:[–C–C(β)≡C(α)–
axis], at 200 K and 400 K, respectively. The population of
Ang:[–C–C(β)≡C(α)– axis] at various temperatures is shown
in Figure 5(b). In addition, the calculated maximum popula-
tion of Ang:[–C–C(β)≡C(α)– axis] at 200 K is found at 35◦
and 60◦, which indicates that there are two orientations of
H3C–C(β)≡C(α)(ads) adsorbed on the Ag(111) surface, that is,
stand-up –C(β)≡C(α)– axis and tilted –C(β)≡C(α)– axis. How-
ever, the maximum population of Ang:[–C–C(β)≡C(α)– axis]
FIG. 5. (a) Calculated IR spectra of H3C–C(β)≡C(α)(ads) and I(ads) coad-
sorbed on the Ag(111) surface at the temperature of 200 K and 400 K,
respectively. Experimental and normal mode calculations are included for
comparison. (b) The populations of Ang:[–C–C(β)≡C(α)– axis] of H3C–
C(β)≡C(α)(ads) adsorbed on the Ag(111) surface during DFTMD simulation
at 200 K and 400 K, respectively. (c) The temperature difference spectrum of
H3C–C(β)≡C(α)(ads) and I(ads) coadsorbed on the Ag(111) surface.
is found to be merged into one peak at 30◦ as temperature
increases from 200 K to 400 K, which indicates that there
is only one orientation of H3C–C(β)≡C(α)(ads) adsorbed on
the Ag(111) surface, that is, stand-up –C(β)≡C(α)– axis. Fur-
thermore, the calculated intensities of the IR active peaks of
asymmetrical CH3 deformation mode and asymmetrical CH3
stretching mode become relatively weak due to the dominant
motion of the stand-up –C(β)≡C(α)– axis. To elaborate this
feature further the temperature-difference IR spectrum is em-
ployed to investigate the intensity change of IR active peaks
at various temperatures as shown in Figure 5(c). Evidently,
all the IR active peaks can be divided into two groups. The
first group includes the bands at 946 cm−1 (C–C stretch-
ing mode), 2038 cm−1 (C≡C stretching mode), and 2912
cm−1 (symmetrical CH3 stretching mode). This group ap-
pears at positive side due to the fact that the dominant mo-
tion of stand-up –C(β)≡C(α)– axis will increase the intensity
of symmetrical modes as temperature increases from 200 K
to 400 K. In contrast, the second group includes the bands at
1460 cm−1 (asymmetrical CH3 deformation mode) and 2950
cm−1 (asymmetrical CH3 stretching mode). These peaks ap-
pear at negative side due to the same reason that the domi-
nant motion of stand-up –C(β)≡C(α)– axis will decrease the
intensity of asymmetrical modes. Indeed, as expected, the IR
spectra of the H3C–C(β)≡C(α)(ads) and I(ads) coadsorbed on the
Ag(111) surface will have the temperature-dependent behav-
ior because of obvious changes for the population of the ori-
entation of the adsorbed H3C–C(β)≡C(α)(ads) as temperature
increases from 200 K to 400 K.
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TABLE II. Calculated major IR active peaks of both H3C–C(β)≡C(α)(ads) and H3C(β)–C(α)H2(ads) with I(ads) coadsorbed on the Ag(111) surface at various
temperatures upon adsorption. Experimental RAIRS and calculated normal mode IR peaks (without scaling factor of 0.9612) are also included for comparison.
H3C–C≡C(ads) and I(ads) Normal mode Chiang’s work MD-this work Chiang’s work MD-this work
coadsorbed on Ag(111) (0 K) exp. (200 K) (200 K) exp. (200 K) (400 K)
vC–C stretching 965 944 946 946 965
ρCH3 rocking 1063 N.A. N.A. N.A. N.A.
δCH3 deformation (s) 1442 1367 1365 1369 1365
δCH3 deformation (as) 1503 1425 1460 N.A. N.A.
vC≡C stretching 2130 2020;2042 2020;2042 2038 2038
vCH3 stretching (s) 3027 2904 2912 2912 2904
vCH3 stretching (as) 3108 2956 2950 N.A. N.A.
H3CCH2(ads) and I(ads) Normal mode White’s work MD-this work White’s work MD-this work
coadsorbed on Ag(111) (0K) expt. (100K) (100K) expt. (150K) (150K)
vC–C stretching 943 930 910 920 910
ωCH2 bending 1069 1100 1094 1100 1091
ωCH2 wagging 1194 1194 1201 1197 1201
δCH3 deformation (s) 1388 1374 1370 1374 1370
δCH3 deformation (as) 1484 1433 1469 1433 1469
vCH3 stretching (s) 2894 2914 2909 2904 2909
vCH2 stretching (s) 2961 2944 2950 2944 2950
vCH3 stretching (as) 3039 2974 2970 2964 2970
vCH2 stretching (as) 3108 3002 3012 3002 3012
C. IR spectrum of H3C(β)–C(α)H2(ads) and I(ads)
coadsorbed on the Ag(111) surface at 100 K and 150 K
By comparing with the H3C–C(β)≡C(α)I(ads) molecule,
the dissociation reaction of the C–I bond within H3C(β)–
C(α)H2I(ads) adsorbed on the Ag(111) surface will occur at
much lower temperature of 110 K and both H3C(β)–C(α)H2(ads)
and I(ads) will be stably coadsorbed on the Ag(111) surface
under 200 K. Only the thermally most stable configuration
of H3C(β)–C(α)H2(ads) and I(ads) coadsorbed on the Ag(111)
surface is considered to calculate the IR spectra at tempera-
ture of 100 K and 150 K, respectively, for investigating their
temperature-dependent dynamic behaviors upon adsorption
as shown in Figure 6(a). The calculated IR peaks between
2850 and 3050 cm−1 are attributed to the C–H stretching.
Due to different hybridization of the carbon atom (C(α)sp2
vs. C(β)sp3), the corresponding IR frequencies of C(α)sp2–H
stretching should be higher than the C(β)sp3–H stretching.
Hence, the IR signature of the C–H stretching of H3C(β)–
C(α)H2(ads) can be assigned into four peaks as follows: 2909
cm−1, 2970 cm−1 (symmetrical and asymmetrical of C(β)sp3–
H stretching mode), 2950 cm−1, and 3012 cm−1 (symmetrical
and asymmetrical of C(α)sp2–H stretching mode). The IR ac-
tive peaks at 1370 cm−1 and 1469 cm−1 are attributed to the
symmetrical CH3 deformation and asymmetrical CH3 defor-
mation. The IR active peaks at 1201 cm−1 and 1094 cm−1
correspond to the CH2 wagging and CH2 bending. Finally,
the IR active peak at 910 cm−1 is assigned to the C(β)–C(α)
stretching. Indeed, all calculated IR active peaks are in a good
agreement with White’s experimental RAIRS data as summa-
rized in Table II. To elaborate the effect of temperature on the
IR active peaks, the same strategy is employed to calculate
the difference of the IR spectrum of H3C(β)–C(α)H2(ads) and
I(ads) coadsorbed on the Ag(111) between 100 K and 150 K
as shown in Figure 6(c). The calculated results indicate that
most IR active peaks remain unchanged except for a slight in-
crease of the CH2 bending and the symmetrical CH3 stretch-
ing as temperature increases from 100 K to 150 K. In order
to explain the relationship between the orientation of the ad-
sorbed H3C(β)–C(α)H2(ads) and their corresponding IR active
peaks, the population of the angle between the –C(β)–C(α)–
axis and the Ag(111) surface normal, namely, Ang:[-–C(β)–
C(α)– axis], is analyzed during DFTMD simulation at 100 K
and 150 K, respectively. The calculated maximum population
of Ang:[–C(β)–C(α)– axis] at 100 K and 150 K are found to
be 65◦ and 60◦, respectively, as shown in Figure 6(b). In other
FIG. 6. (a) Calculated IR spectra of H3C(β)–C(α)H2(ads) and I(ads) coadsorbed
on the Ag(111) surface at the temperature of 100 K and 150 K. Experimen-
tal and normal mode calculations are included for comparison. (b) The pop-
ulations of Ang:[–C(β)–C(α)– axis] of H3C(β)–C(α)H2(ads) adsorbed on the
Ag(111) surface during DFTMD simulation at 100 K and 150 K, respec-
tively. (c) The temperature difference spectrum of H3C(β)–C(α)H2(ads) and
I(ads) coadsorbed on the Ag(111) surface.
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words, as the temperature increases from 100 K to 150 K, the
orientation of the adsorbed H3C(β)–C(α)H2(ads) still remains
the tilted –C(β)–C(α)– axis and the maximum population of
Ang:[–C(β)–C(α)– axis] only slightly decreases 5◦. These ob-
servations lead to the conclusion that the dominant motion of
the adsorbed H3C(β)–C(α)H2(ads), which is less temperature-
dependent, causes the presence of the asymmetrical IR ac-
tive peaks, such as the asymmetrical CH3 deformation and
the asymmetrical of CH2/CH3 stretching, in the calculated IR
spectra as the temperature increases from 100 K to 150 K.
Based on calculated results of both H3C–C(β)≡C(α)(ads)
and H3C(β)–C(α)H2(ads) on the Ag(111) surface, different kinds
of dynamic behaviors of these two adsorbents are observed.
Two orientations of the adsorbed H3C–C(β)≡C(α)(ads), that is,
the tilted –C(β)≡C(α)– axis and stand-up –C(β)≡C(α)– axis
were observed at 200 K in comparison with only one ori-
entation of the adsorbed H3C(β)–C(α)H2(ads), that is, tilted –
C(β)–C(α)– axis was observed at 100 K. As the tempera-
ture increases, H3C–C(β)≡C(α)(ads) is found to be stably ad-
sorbed on the most favorable adsorption site (three-fold hol-
low) even at the temperature of 400 K but the population of
Ang:[–C(β)≡C(α)–axis] is significantly changed. These obser-
vations imply that a flipping energy of the adsorbed H3C–
C(β)≡C(α)(ads) from the tilted –C(β)≡C(α)– axis to the stand-
up –C(β)≡C(α)– axis is required due to the thermally less sta-
ble geometry of the stand-up –C(β)≡C(α)– axis. On the other
hand, as the temperature increases, the adsorbed H3C(β)–
C(α)H2(ads) is found to slightly diffuse on the Ag(111) surface
even at the temperature of 150 K. In addition, the tilted mo-
tion of the –C(β)–C(α)– axis of H3C(β)–C(α)H2(ads) remains un-
changed. Apparently, these different kinds of dynamic behav-
ior of H3C-0C(β)≡C(α)(ads) and H3C(β)-0C(α)H2(ads) adsorbed
on the Ag(111) surface might have strong influence on their
temperature-dependent diffusion processes on the same sur-
face. Therefore, it is essential to examine the effect of the tem-
perature on their diffusion processes in order to provide fur-
ther insights into the factors governing Cα–Cα self-coupling
reaction of H3C–C(β)≡C(α)(ads) and H3C(β)–C(α)H2(ads) on the
Ag(111) surface. In “Diffusion of H3C–C(β)≡C(α) (ads) and
H3C(β)–C(α)H2(ads) with I coadsorbed on the Ag(111) surface”
section, the DFTMD simulations of these adsorption systems
at higher temperatures will be performed to investigate their
possible diffusion pathways on the Ag(111) surface.
D. Diffusion of H3C–C(β)≡C(α) (ads) and
H3C(β)–C(α)H2(ads) with I coadsorbed on the Ag(111)
surface
To appreciate the effect of temperature on the diffusion
dynamics of both H3C–C(β)≡C(α)(ads) and H3C(β)–C(α)H2(ads)
with I(ads) coadsorbed on the Ag(111) surface, firstly, it is real-
ized that Cα–Cα self-coupling reaction of H3C–C(β)≡C(α)(ads)
and H3C(β)–C(α)H2(ads) on the Ag(111) surface is experimen-
tally observed at 500 K and 200 K, respectively, through
TPRS results. Secondly, it would be possible to observe the
diffusion process of both H3C–C(β)≡C(α)(ads) on the Ag(111)
surface from 200 K up to 500 K and H3C(β)–C(α)H2(ads) on the
Ag(111) surface from 100 K up to 200 K. Therefore, during
the 8.0 ps dynamic runs, the position of Cα atom of both H3C–
FIG. 7. (a) The population of both H3C–C(β)≡C(α)(ads) and I(ads) projected
onto the Ag(111) surface during the DFTMD simulations at 200 K, 400 K,
500 K. (b) The population of both H3C(β)–C(α)H2(ads) and I(ads) projected on
the Ag(111) surface during the DFTMD simulations at 100 K, 150 K, and
200 K.
C(β)≡C(α)(ads) and H3C(β)–C(α)H2(ads) will be traced within the
range of temperature mentioned above in order to investigate
their possible diffusion pathways. The xy-projections of the
collected dynamic trajectories of the position of Cα atom of
H3C–C(β)≡C(α)(ads) and I(ads) at temperatures (200 K, 400 K,
and 500 K) are shown in Figure 7(a). On the basis of these dy-
namic trajectories, the most possible diffusion pathways can
be easily established. For example, both H3C–C(β)≡C(α)(ads)
and I(ads) were found to be stably located on the three-fold
hollow site at 200 K and 400 K. As the temperature increases
to 500 K, the adsorbed H3C–C(β)≡C(α)(ads) start to diffuse
from a three-fold hollow site to another three-fold hollow site
across the bridge site. However, I(ads) still locates at the three-
fold hollow, which exhibited the less dependency on the dy-
namic motion of H3C–C(β)≡C(α)(ads) adsorbed on the Ag(111)
surface, even at the temperature of 500 K. This significantly
higher temperature to prompt the diffusion process from the
most stable site (three-fold hollow site) to the metastable site
(bridge site) is due to the strong Ag–Csp bond as discussed
previously. On the other hand, the xy-projections of the col-
lected dynamic trajectories of the position of Cα atom of
H3C(β)–C(α)H2(ads) and I(ads) during the entire DFTMD sim-
ulations at various temperatures (100 K, 150 K, and 200K)
are shown in Figure 7(b). According to the dynamic results,
the adsorbed H3C(β)–C(α)H2(ads) was found to slightly diffuse
around the top site at low temperature (T = 150 K) due to the
very weak Ag–Csp3 bond. As the temperature increases to 200
K, the adsorbed H3C(β)–C(α)H2(ads) start to diffuse toward dif-
ferent sites on the Ag(111) surface. Following these observed
trajectories, two most possible diffusion pathways can be eas-
ily established as shown in Figure 7(b) (Nose thermostat: 200
K). First, the H3C(β)–C(α)H2(ads) diffuses from top site to an-
other top site across a bridge site. Then, the H3C(β)–C(α)H2(ads)
diffuses from the three-fold hollow site to another three-fold
hollow site across a bridge site. Again, I(ads) was also found
to be less dependent on the dynamic motion of the adsorbed
H3C(β)–C(α)H2(ads) as the temperature increases from 100 K to
200 K.
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Throughout these collected dynamic trajectories, the
diffusion processes of H3C–C(β)≡C(α)(ads) and H3C(β)–
C(α)H2(ads) can be easily observed on the Ag(111) surface
at 500 K and 200 K, respectively. Furthermore, the diffu-
sion is the elementary step to initiate the Cα–Cα self-coupling
reaction. Therefore, it is essential to investigate the reac-
tion pathways of the Cα–Cα self-coupling reaction by tak-
ing these diffusion processes into account. In “Self-coupling
reaction of both H3C–C(β)≡C(α) (ads) and H3C(β)–C(α)H2(ads)
on the Ag(111) surface” section, the thermally favorable re-
action pathways for Cα–Cα self-coupling reaction of both
H3C–C(β)≡C(α)(ads) and H3C(β)–C(α)H2(ads) adsorbed on the
Ag(111) surface and their corresponding transition state struc-
tures will be further investigated.
E. Self-coupling reaction of both H3C–C(β)≡C(α) (ads)
and H3C(β)–C(α)H2(ads) on the Ag(111) surface
Based on previous diffusion results, the diffusion tra-
jectories of both H3C–C(β)≡C(α)(ads) and H3C(β)–C(α)H2(ads)
on the Ag(111) surface can be further applied to establish
the reaction pathways for Cα–Cα self-coupling leading to
the formation of 2,4-hexadiyne (H3C–C≡C–C≡C–CH3(g))
and butane (CH3–CH2–CH2–CH3(g)). We have proposed sev-
eral reaction pathways to calculate their corresponding reac-
tion barrier for the Cα–Cα self-coupling reaction of H3C–
C(β)≡C(α)(ads) and H3C(β)–C(α)H2(ads) on the Ag(111)
surface (see supplementary material44). In order to locate their
transition-state structures for Cα–Cα self-coupling of both
H3C–C(β)≡C(α)(ads) and H3C(β)–C(α)H2(ads) on the Ag(111)
surface along our proposed reaction pathways, the PSCPM
is used and the calculated energy barriers will be corrected
by the ZPE. Additionally, a minima structure (no imagi-
nary frequency) and a transition state (one and only one
imaginary normal mode frequency) are verified. Figures 8
and 9 show the overall energetic profiles for Cα–Cα self-
coupling of both H3C–C(β)≡C(α)(ads) and H3C(β)–C(α)H2(ads)
on the Ag(111) surface. Based on the calculated results, it is
found that the energy barrier for Cα–Cα self-coupling reaction
of H3C(β)–C(α)H2(ads) to form H3C–C≡C–C≡C–CH3(g) along
the hollow-bridge-hollow reaction pathway on the Ag(111)
surface is 1.34 eV, which is 0.74 eV higher than that of
H3C(β)–C(α)H2(ads) to form CH3–CH2–CH2–CH3(g) along the
FIG. 8. The possible energetic profile for self-coupling reaction of H3C–
C(β)≡C(α)(ads) coadsorbed on the Ag(111) surface along the hollow-bridge-
hollow reaction pathway.
FIG. 9. Two possible energetic profiles for self-coupling reaction of H3C(β)–
C(α)H2(ads) coadsorbed on the Ag(111) surface along the top-bridge-top re-
action pathway (green line) and the hollow-bridge-hollow reaction pathway
(black line).
similar reaction pathway. On the other hand, the calculated
energy barrier for Cα–Cα self-coupling reaction of H3C(β)–
C(α)H2(ads) along the top-bridge-top reaction pathway is found
to be ∼0.32 eV, a little bit higher than that of H3C(β)–
C(α)H2(ads) along the hollow-bridge-hollow reaction pathway
as shown in Figure 9. In addition, the total energy of initial
state (IS) along the hollow-bridge-hollow reaction pathway is
found to be 0.03 eV lower than that along the top-bridge-top
reaction pathway. Based on these calculated results, the reac-
tion pathway along the hollow-bridge-hollow can be referred
to the most favorable reaction pathway. To realize the effect
of molecular geometry on their different energy barrier for
Cα–Cα self-coupling, the detailed structural parameters are
reported in Table III. By comparing with the structures of
H3C–C(β)≡C(α)(ads) and H3C(β)–C(α)H2(ads) from the reactant
to the transition, it can be observed that (1) the large distortion
of Ang:[–C(β)≡C(α)– axis] of H3C–C(β)≡C(α)(ads) is found
(from 3.7◦ to 60.0◦ ) and (2) the adsorbed H3C–C(β)≡C(α)(ads)
remain closely to the Ag(111) surface (Agsuf–Cα: from 1.485
Å to 1.620 Å) than H3C(β)–C(α)H2(ads) (Agsuf–Cα: from 2.115
Å to 2.624 Å) on the same surface along the reaction path-
way. These results pointed out that much more energy for the
adsorbed H3C–C(β)≡C(α)(ads) is required to weaken the Ag–
C interaction leading to the transition state structure with a
higher activation energy barrier for Cα–Cα self-coupling reac-
tion. The calculated activation energy barrier for the coupling
reaction of both H3C–C(β)≡C(α)(ads) and H3C(β)–C(α)H2(ads)
(1.34 eV and 0.60 eV) on the Ag(111) surface is qualitatively
agreeable with the trend of reaction temperatures of the ex-
perimental TPRS observations (∼500 K and ∼200 K).
To further validate our proposed reaction pathways, the
second-order Polanyi-Wigner equation and Redhead Approx-
imation are employed to realize the relationship between the
experimental reaction temperatures and calculated activation
energy barrier. Based on second-order Polanyi-Wigner equa-
tion as described earlier, the maximum desorption tempera-
ture for the Cα–Cα self-coupling reaction can be predicted
by using the following parameters: (1) the energy barrier for
the desorption process, 	E, which can be determined by in-
vestigating the overall desorption process and the energy bar-
rier for the Cα–Cα self-coupling reaction within the thermally
most favorable diffusion process of both H3C–C(β)≡C(α)(ads)
and H3C(β)–C(α)H2(ads) on the Ag(111) surface (the coupling
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TABLE III. Calculated bond lengths (Å) of the reactant, transition state, and product (a) along (a) the hollow-bridge-hollow reaction pathway for self-coupling
reaction of H3C–C(β)≡C(α)(ads) coadsorbed on the Ag(111) surface and (b) the hollow-bridge-hollow reaction pathway for self-coupling reaction of H3C(β)–
C(α)H2(ads) coadsorbed on the Ag(111) surface.
H3CC≡C(ads) self-coupling on Ag(111) Reactant TS Product Ea Redhead approximation temp.
Cα(sp)–Cα(sp) (Å) 4.431 1.884 1.381 1.34eV 510 K (expt. 515 K)
Ave[Ag(surface)– Cα] (Å) 1.485 1.620 2.311
Ave[Ag(surface)- Cβ ] (Å) 2.700 2.245 2.211
Ave[Cα≡Cβ ] 1.252 1.286 1.301
Ang[–Cα≡Cβ– axis] 3.7◦ 60◦ 97.2◦
H3CCH2(ads) self-coupling on Ag(111) Reactant TS Product Ea Redhead approximation temp.
Cα(sp3)–Cα(sp3) (Å) 4.342 2.271 1.530 0.60 eV 230 K (expt. 200 K)
Ave[Ag(surface)- Cα] (Å) 2.115 2.624 3.352
Ave[Ag(surface)- Cβ ] (Å) 2.813 3.451 2.970
Ave[Cα–Cβ ] 1.527 1.502 1.525
Ang[–Cα–Cβ– axis] 63.0◦ 75.9◦ 79.1◦
barrier: 1.34 eV and 0.60 eV) are considered rather than
their desorption energies (the desorption barrier: 0.40 eV and
0.17 eV) due to the rate-determinate step; (2) the pre-exponent
factor, v, which is estimated by extracting the vibrational fre-
quency of molecule and substrate during DFTMD simula-
tions and the calculated frequency of the Ag–C bond is found
to be around 300 cm−1 (0.9 × 1013 s−1) similar to the ex-
periment that commonly used (1012–1013 s−1); (3) the heat-
ing rate, β , which is 2 K/s consistent with the experimental
data; and (4) the surface coverage of our proposed adsorption
models of both H3C–C(β)≡C(α)(ads) and H3C(β)–C(α)H2(ads) on
the Ag(111) surface, N, which are low-coverage adsorption
(2/9 ML). Following these mentioned parameters the calcu-
lated reaction temperatures for the Cα–Cα self-coupling reac-
tion of both H3C–C(β)≡C(α)(ads) and H3C(β)–C(α)H2(ads) on the
Ag(111) surface are 510 K and 230 K, respectively. To further
discuss the relationship between our calculated results and
the experimental ones, the following experimental observa-
tions are worth to mention. The experimental reaction temper-
atures of both the H3C–C(β)≡C(α)(ads) and H3C(β)–C(α)H2(ads)
on the Ag(111) surface are decreased as the surface cover-
age increases from low-coverage to high-coverage adsorption
(510 K to 470 K and 200 K to 180 K) due to fact that the
desorption temperature is a function of the surface coverage
for a second-order coupling reaction. Indeed, our predicted
reaction temperatures for the coupling reaction of both H3C–
C(β)≡C(α)(ads) and H3C(β)–C(α)H2(ads) are found to be much
closer to the low-coverage TPRS results (515 K and 200 K)
as expected.
IV. CONCLUSIONS
By combining DFTMD simulations with FT-DMAF, the
simulated IR spectra of both H3C–C(β)≡C(α)(ads) and H3C(β)–
C(α)H2(ads) adsorbed on the Ag(111) surface are provided
in order to compare with the experimental RAIRS results.
In addition, DFTMD simulations also allow us to investi-
gate the effect of temperature on their adsorption dynam-
ics. Based on collected dynamic trajectories of adsorbed
molecules, the thermally induced diffusion processes of both
H3C–C(β)≡C(α)(ads) and H3C(β)–C(α)H2(ads) adsorbed on the
Ag(111) surface are used to establish the most probable
reaction pathways for the self-coupling reaction of both
H3C–C(β)≡C(α)(ads) and H3C(β)–C(α)H2(ads) adsorbed on the
Ag(111) surface. Furthermore, the activation energy barriers
for these thermally most possible reaction pathways can be
converted into the reaction temperatures through the second-
order Redhead approximation. The calculated reaction tem-
peratures are in a good agreement with the low-coverage ex-
perimental TPRS data. Finally, it is our hope that this study
will stimulate more experimental works to provide more dy-
namic and microscopic pictures of organic compounds ad-
sorbed on the metal surfaces leading to the coupling products
in order to have a better understanding of heterogeneous cat-
alytic reactions.
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